ABSTRACT A group of small molecules that stabilize proteins against high hydrostatic pressure has been classified as piezolytes, a subset of stabilizing cosolutes. This distinction would imply that piezolytes counteract the effects of high hydrostatic pressure through effects on the volumetric properties of the protein. The purpose of this study was to determine if cosolutes proposed to be piezolytes have an effect on the volumetric properties of proteins through direct experimental measurements of volume changes upon unfolding of model proteins lysozyme and ribonuclease A, in solutions containing varying cosolute concentrations. Solutions containing the proposed piezolytes glutamate, sarcosine, and betaine were used, as well as solutions containing the denaturants guanidinium hydrochloride and urea. Changes in thermostability were monitored using differential scanning calorimetry whereas changes in volume were monitored using pressure perturbation calorimetry. Our findings indicate that increasing stabilizing cosolute concentration increases the stability and transition temperature of the protein, but does not change the temperature dependence of volume changes upon unfolding. The results suggest that the pressure stability of a protein in solution is not directly affected by the presence of these proposed piezolytes, and so they cannot be granted this distinction.
Increasing pressure, much like increasing temperature, perturbs the thermodynamic equilibrium between native folded state and denatured unfolded state. Thermodynamic stability is defined by Gibbs energy, DG, which is a function of both temperature and pressure, and is related to the population of the native, N, and the unfolded, U, states as DGðT; PÞ ¼ ÀRTln Â K eq ðT; PÞ Ã ¼ ÀRTln ½U
where K eq is the equilibrium constant. The pressure dependence of DG is defined by the volume difference, DV, between the unfolded, V U , and native states, V N , as
If DV is negative, as is the case for many proteins (1-10) over a reasonably broad temperature range, the increase in pressure will shift the equilibrium toward the unfolded state and thus at some pressure all molecules are expected to be in the unfolded state. For a given global stability at atmospheric pressure, larger absolute values of DV (i.e., more negative) will lead to a lower pressure required to unfold proteins. Conversely, smaller absolute values of DV (i.e., less negative) will lead to stabilization of protein against hydrostatic pressure as larger hydrostatic pressure will be required to unfold them. At the extreme, if DV is positive, the stability will increase with the increase in pressure and thus protein will be resistant against pressure denaturation. Such behavior has been observed previously (5, 10, 11) . The combined effect of temperature and pressure on protein stability is described by a Hawley-type free energy surface (8, 9, (12) (13) (14) , which includes truncation of the higher order terms after Taylor expansion: 
Cosolutes are known to have an effect on the stability of proteins in solution (15) (16) (17) (18) . The mechanisms by which cosolutes modulate protein stability at ambient pressure (P ¼ P o ¼ 0.1 MPa), i.e., effects on the parameters in the first line of Eq. 4, are well established (19) (20) (21) (22) (23) (24) . Increase in the net stability will also lead to an increase in pressure stability even if the parameters in the second line of Eq. 4 are not perturbed. This is an indirect mechanism by which stabilizing cosolutes can increase pressure stability. Alternatively, the effect can be direct, i.e., through additional effects on parameters in the second line of Eq. 4 and primarily DE or DV (Dc for proteins is known to be very small (7, 25) ).
Certain cosolutes, such as methylamines, are present in many species of deep sea teleosts and other marine organisms and have been found to increase linearly in concentration with depth (26-29). To explain this trend, it has been hypothesized that these cosolutes directly counteract the effects of hydrostatic pressure, the only environmental factor that similarly increases linearly with depth (26). This proposed pressure counteraction role has led these cosolutes to be termed ''piezolytes'' (30). Whereas a number of piezolytes have been shown to increase the pressure stability of a wide variety of proteins (31-35), it remains unclear whether thermodynamically this increase in the pressure stability is occurring via a direct mechanism. In other words, cosolutes can be termed ''piezolytes'' only if they have a direct effect on the change in volume or expansivity upon unfolding.
To determine if the cosolutes proposed to be piezolytes have an effect on the volumetric properties of proteins, we used direct thermodynamic methods of pressure perturbation calorimetry and DSC that allow experimental determination of all (with the exception of Dc) parameters in Eq. 4. To this end, the thermodynamic and volumetric properties of two model proteins, bovine ribonuclease A (Rns) and hen egg white lysozyme (Lyz), were measured in solution containing varying amounts of three different stabilizing cosolutes (sarcosine, betaine, and glutamate) proposed to be piezolytes (30, 36) . Trimethylamine N-oxide could not be used due to its decomposition at high temperatures (16) .
The results of these measurements are compared to the thermodynamic and volumetric properties of protein in the presence of the destabilizing cosolutes guanidinium hydrochloride (GuHCl) and urea. A broad range of concentrations was used for Rns, whereas Lyz experiments were performed only at smaller subset of concentrations to validate the generality of the results obtained with Rns.
DSC measurements were first carried out to determine the thermodynamic parameters for the protein as cosolute concentration was varied (see first line in Eq. 4). For both Rns and Lyz, increase in the concentration of GuHCl and urea led to a decrease in the transition temperature, with concomitant decrease in enthalpy, DH, upon unfolding (see Fig. S1 ; Table S1 ). The opposite effect was observed for sarcosine, betaine, and glutamate. As the concentration of these cosolutes increased, the transition temperature and the change in enthalpy upon unfolding of the protein also increased (see Fig. S1 ; Table S1 ). These results are to be expected, as the stabilizing and destabilizing effects of these cosolutes are well documented (e.g., see (19) (20) (21) (22) (23) (24) ). Plotting the transition temperature against the change in enthalpy upon unfolding for each cosolute concentration reveals a linear temperature dependence of the change in enthalpy upon unfolding of the protein for both Rns and Lyz (see Fig. S2 ; Table S1 ). The slope of the linear dependence of DH versus transition temperature corresponds to the change in heat capacity upon unfolding, DC p .
Next, we examine the effects of cosolutes on the volumetric properties of Rns and Lyz, i.e., DV and DE, the key parameters of the second line in Eq. 4. Pressure perturbation calorimetry experiments were then carried out for Rns and Lyz at the same cosolute concentrations as the DSC experiments described above. For both Rns and Lyz, as GuHCl and urea concentration increased, the transition temperature of the protein decreased as expected from DSC experiments (see Fig. S3 ; Table S1 ). As a result, the DV of the protein upon unfolding decreased, i.e., became more negative. As the concentration of glutamate, sarcosine, and betaine increased, the transition temperature of the protein increased, and the DV of the protein upon unfolding increased, even becoming positive at higher concentrations of glutamate and sarcosine (see Fig. S3 ; Table S1 ). The plots of the DV/V upon unfolding against the transition temperature for different cosolute concentrations are shown in Fig. 1 . Interestingly, the change in volume for both Rns and Lyz shows a linear dependence on temperature.
The linear temperature dependence suggests that the change in DV upon unfolding is constant with respect to the change in transition temperature, and appears to be independent of the nature of cosolute (Fig. 1) . The temperature dependences for Rns and Lyz correspond to the change in the thermal expansion coefficient, Da, of each protein under these differing cosolute concentrations. This temperature dependence appears unaffected by the nature of cosolute present (i.e., proposed piezolyte or denaturant). This suggests that there are no effects on DV or Da that are a result of destabilizing (GuHCl and urea) or stabilizing (glutamate, sarcosine, and betaine) cosolutes added to solution. The modulation in DV at the transition temperature occurs due to the positive value of Da, but cosolutes do not change the overall dependence of DV on temperature (Fig. 1) . Compilation of literature data, although not as extensive as this study, shows very similar trends (37-39). Fig. 2 shows the pressure-temperature (P-T) diagrams constructed from the experimental data using Eq. 4. Each line on the P-T diagrams represents pressure and temperature conditions when DG(P,T) ¼ 0, i.e., conditions when the fractions of native and unfolded state are equal. Proteins are mostly folded at temperatures and pressures to the left and/or below this line, and are mostly unfolded at temperatures and pressures to the right and/or above this line. As can be seen from P-T diagrams, at any temperature, increase or decrease in the temperature stability (intercept with x axes) leads to a concomitant increase in the pressure required to unfold a protein.
Because sarcosine, betaine, and glutamate do not change the volumetric properties of proteins, one can conclude that these cosolutes increase thermal stability without any direct effects on the volumetric properties and correspondingly have an indirect effect on the pressure stabilization of proteins. Based on these results, we propose that sarcosine, betaine, and glutamate and, by extension, other proposed piezolytes such as Trimethylamine N-oxide and sucrose, cannot be termed piezolytes.
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